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© Process for the microbiological preparation of 1,3-propane-dlol from glycerol. 



© A process of the microbiological preparation of 
1,3 propane diol from glycerol in growth media of 
suitable bacteria) strains is described, accompanied 
by the addition of a cosubstrate in the form of a H- 
donor and the separation of the propane diol formed. 
It is characterized in that a) biomass is formed in a 
growth phase from the selected bacterial strain and 
^accompanied by feeding with glycerol and, if neces- 
^sary, whilst substantially excluding the H-donor until 
Q a stationary growth phase occurs and b) further 
glycerol and H-donor matched to the biomass are 
padded to the resulting stationary ceil suspension for 
^increased 1.3-propane diol formation. This process 
fs, makes it possible to produce 1,3-propane diol in a 
CO high yield from glycerol with a small amount of 
q unobjectionable by-products in a batchwise manner 
or in continuous form, following immobilization. 
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Process for the microbiological preparation of 1,3-propane-diol from glycerol 



The inv ntion relates to a process for the 
microbiological preparation of 1,3-propane diol 
from glycerol in growth media of suitable bacterial 
strains, accompanied by the addition of a cosub- 
strate as the H-donor and the separation of the 
propane diol formed. 

Processes for the preparation of 1,3-propane 
diol or trimethylene glycol (TMG) from glycerol are 
known. When performing these, essentially the fol- 
lowing points must be taken into consideration. 
Bacterial strains able to convert glycerol into 1,3- 
propane diol are found e.g. in the species Kleb- 
siella (cf. J. Bacteriol., 1982, 149, 413-419), 
Citrobacter (cf. J. Bacteriol., 1944, 39, 409-415), 
Clostridium (cf. Appl. Environ. Microbiol., 1987, 53, 
639-643). Ilyobacter (cf. Arch. Microbiol., 1984, 
140. 139-146) and Lactobacillus (cf. System. Appl. 
Microbiol.. 1984. 5, 169-178). It cannot be excluded 
that further obligatory or optional ferments also 
form 1,3-propane diol as a fermentation product. 
Within the Citrobacter species, C. freundii is par- 
ticularly well known as a 1.3-propane diol producer. 
Several strains (e.g. DSM 30039, 30040 and 30041) 
are available. 

As a function of the bacterial strain used, it is 
possible to employ mineral media with glycerol or 
complex media with glycerol for the growth and 
associated production of 1 ,3-propane diol. The am- 
bient conditions, such as the pH and temperature, 
are also dependent on the strain used. Preference 
is always given to anaerobic growth conditions, 
because the enzymes for the transformation of 
glycerol into 1,3-propane diol are only formed un- 
der anaerobic conditions. An adequate cobalt iron 
supply to the bacteria must be ensured, because 
the participating enzyme glycerol dehydratase con- 
tains coenzyme B12 (cf. Arch. Biochem. Biophys., 
1962, 97, 538-543). 

Using the aformentioned bacterial strains, 1,3- 
propane diol can be produced batchwise or con- 
tinuously. As a function of the species, different 
1,3-propane diol yields are obtained in the batch- 
wise anaerobic fermentation of glycerol: 78% for 
Lactobacillus buchneri, 61% fQr Clostridium 
butylicum, 40% for Ilyobacter polytropus and 50% 
for Citrobacter freundii. In connection with the Lac- 
tobacillus species, it must be borne in mind that a 
mixture of glycerol and glucose (2:1) and not glyc- 
erol alone can be fermented. As a function of the 
bacterial species during the fermentation of glyc- 
erol different by-product spectra appear, mainly 
acetate, butyrate, lactate, formiate, succinate, 
ethanol, butanol and hydroxypropionate (in the 
case of Ilyobacter polytropus). 

Wh reas the aforementioned fermentations re- 



late to cultures operating in a batchwise manner, in 
1987 results were published for the first time con- 
cerning a continuous fermentation of glycerol for 
the production of 1,3-propane diol (cf. Appl. Envi- 

5 ron. Microbiol.. 1987, vol. 53, 639-643). Fermenta- 
tion was carried out with Clostridium butylicum B 
593, an obligatory ferment 3.8% glycerol were 
added to the chemically defined medium and 97% 
thereof were reacted by the bacteria. It was also 

70 necessary to add 0.2% yeast extract to the me- 
dium. In the gas phase there was oxygen-free 
carbon dioxide, the residence time of the bacteria 
in the reactor was 10 hours and the temperature 
35* C. Continuous fermentation gave the following 

15 product spectrum analyzed with HPLC and GC: 
61% 1.3-propane diol, 6.6% acetate. 1.6% 
butyrate, 0.9% lactate, 0.6% butanol and 0.6% 
ethanol.* 

On the basis of the above statements, a 1,3- 

20 propane diol synthesis without by-products does 
not appear to be possible with bacteria, because 
part of the glycerol must be oxidized in order to 
obtain energy, whilst the reduction of glycerol to 
1,3-propane diol is used for eliminating hydrogen 

25 which occurs. On lowering the pH-value from 6.5 to 
4.9 the growth of bacteria and 1,3-propane diol 
production are reduced. An intermediate during the 
synthesis of 1 ,3-propane diol is 3-hydrox- 
ypropionaldehyde, whose production was also the 

30 aim of certain fermentation tests (cf. Appl. Environ. 
Microbiol.. 1983. vol. 46, No. 1, 62-67). In the case 
of anaerobic fermentation of glycerol with Klebsiella 
pneumoniae, the speed of enzymatic reaction was 
displaced through the addition of semicarbazide 

35 hydrochloride. 3-hydroxypropionaldehyde produc- 
tion took place much more rapidly than the subse- 
quent reduction to 1,3-propane diol and conse- 
quently led to a 3-hydroxypropionaldehyde accu- 
mulation. In the case of 30 g/l glycerol solutions, a 

40 3-hydroxypropionaldehyde yield of 13.1 g/l was 
obtained. 

The problem of the invention is to so improve 
the aforementioned process that it permits a sim- 
ple, economic, rapid and continuous preparation of 

45 1 ,3-propane diol from glycerol with a high yield and 
whilst substantially excluding environmentally prej- 
udicial by-products. 

According to the invention this problem is 
solved in that a) biomass is formed from the se- 

50 lected bacterial strain, accompanied by feeding 
with glycerol and, if necessary, with a substantial 
exclusion of the H-donor in a growth phase until a 
stationary growth phase is obtained and b) for 
increased 1,3-propane diol formation, to the cor- 
responding stationary cell suspension are added 
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further glycerol and a H-donor matched to the 
biomass. 

Thus, the essence of the inventive process is 
that Initially in a process stage a) biomass is 
formed until a stationary growth phase or cell sus- 
pension has been obtained. It is necessary for 
most of the bacterial strains usable within the 
scope of the invention to substantially exclude a H- 
donor in said process stage a). This more particu- 
larly applies for the strains Citrobacter freundii, 
Klebsiella pneumoniae, Clostridium autobutylicum 
and Clostridium butylicum. However, several bac- 
terial strains exist which, in the growth phase, grow 
in the presence of a H-donor and possibly even 
have a need for the latter, such as e.g. Lactobacil- 
lus brevis and Lactobacillus buchneri. However, the 
growth of most of the bacterial strains which can 
be used according to the invention is disturbed by 
the presence of a H-donor. so that in such cases 
the latter should be substantially excluded. This 
must also be borne in mind in connection with the 
qualitative evaluation of the glycerol-containing 
starting materials. Thus, if the glycerol starting ma- 
terial already contained a significant sugar fraction, 
such as glucose, then said fraction could be re- 
sponsible for disturbing process stage a). Other- 
wise there are no significant limitations on the 
inventive process with regards to the glycerol start- 
ing material. Thus, it can e.g. be glycerol splitting 
water from high pressure splitting, or glycerol water 
from soap splitting, or glycerol water from the 
methanolysis of fats or oils, e.g. from fish oil, 
coconut oil or palm kernel oil. 

The above explanations apply regarding the 
choice of trie suitable bacterial strain. Representa- 
tives of the Citrobacter species, such as Citrobac- 
ter freundii, are used in a particularly advantageous 
manner. The strains DSM 30039. 30040 and 30041 
are particularly suitable. 

In process stage a), it is appropriate to adopt 
the following procedure: the description relating to 
Citrobacter freundii DSM 30040, but the remarks 
correspondingly apply to other bacterial strains. A 
mineral solution is prepared, in the manner known 
to the expert However, as a special feature it 
contains a cobalt salt, such as in particular cobalt 
chloride in high concentration (250-550 HQ CoCI 2 /l) 
and an ammonium salt, such as in particular am- 
monium sulphate, as the growth-limiting N-source. 
As a function of the desired biomass concentration, 
the ammonium sulphate concentration can be ap- 
proximately 0.4 to 1.5 g/l. Following the addition of 
glycerol (e.g. approximately 0.3 mol/l) and a precul- 
ture of strain DSM 30040, incubation takes place at 
approximately 37* C under anaerobic conditions. 
After about 12 to 20 hours (at 0.3 mol/l), the grow- 
ing culture enters th stationary phase necessary 
for process stage b). 



The concentration of the glyc rol in process 
stage a) is not critical. It could be in a wide range, 
e.g. approximately 0.001 to 1 mol/l, although this 
range can also be exceeded. The range of approxi- 

5 mately 0.1 to 0.4 mot/I is preferred, in particular 
approximately 0.3 mol/l. 

It is not critical for performing process stage a) 
whether it is performed anaerobically or aerobical- 
ly. It is preferably performed anaerobically, so that 

io the enzymes particularly suitable for the desired 
conversion of glycerol into 1,3-propane diol are 
formed in an optimum manner. When process 
stage a) has allowed the desired biomass quantity 
to form, measures are taken to end the growth. 

75 This is preferably brought about in that the end of 
growth is controlled by adding a predetermined 
quanitity of a phosphate or nitrogen source. Ammo- 
nium salts, such as ammonium sulphate, have 
proved to be particularly advantageous. 

20 The inventive process can be performed both 
in a complex medium and in a mineral medium. 
Preference is given to the mineral medium, be- 
cause it is less expensive, easier to handle and 
easier to dispose of at the end of the process. A 

25 mineral medium is understood to mean a medium, 
which only contains inorganic salts and additionally 
glycerol and possibly cystein (as the reducing 
agent). The complex medium differs therefrom 
through a content of preferably approximately 1% 

30 yeast extract 

The biomass obtained according to process 
stage a) can be directly supplied to process stage 
b). It is also advantageous to concentrate the 
biomass by centrifuging or to immobilize it Immo- 

35 bilization can take place in various ways, such as 
e.g. by calcium alginate, carageenan or 
polyurethanes. Immobilization preferably takes 
place with the readily available, commercial cal- 
cium alginate (Protanal-LF-20/60). The immobilized 

40 form of the biomass can e.g. be filled into a col- 
umn, to which is continuously supplied the glycerol 
solution to be treated. This leads to the particular 
advantage of continuous process performance, the 
biomass being usable for weeks and without im- 

45 pairing Its efficiency for obtaining 1.3-propane diol 
from glycerol. Tests have been carried out in which 
the biomass was active, without deterioration, for 
more than 42 days. 

Glycerol is not essential for feeding the mi- 

50 croorganisms for process stage b) and instead the 
combination glycerol/H-donor should be used. 
There are no significant limitations reagarding the 
choice of the H-donor. The expert will instead 
choose the H-donor on the basis of his knowledge 

55 and the chosen bacterial strain. Generally, the H- 
donor can be constituted by mono-saccharides and 
disaccharides, particularly fructose and glucose. 
Glucose has proved particularly advantageous in 
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conjunction with Citrobacter fr undii as the bac- 
terial strain. 

In order not to obtain premature inhibition in 
process stage b), a pH-value control is appropriate. 
The pH-vaiue should be in the range approximately 
5.5 to 8.5. The range approximately 6.5 to 7.5 and 
especially a value of approximately 7 are preferred. 
This gives optimum biotransformation conditions 
for the formation of 1,3-propane diol from glycerol. 

There is a quantitative matching of the H-donor 
and glycerol for further optimization of the process. 
The. precise numerical values for this are depen- 
dent on the nature of the H-donor and the nature of 
the chosen bacterial strain. No general guideline 
can be given. In the case of the preferably used 
bacterial strain Citrobacter freundii and an H-donor 
in the form of glucose, between the glucose and 
the glycerol the preferred molar ratio is approxi- 
mately 1:7 to 1:8. The molar ratio between the 
glucose and the glycerol could generally be with 
respect to practical advantages approximately 1:1 
to 1 :25, in particular 1 :5 to 1 :1 0. 

Process stage b) is also preferably performed 
in a mineral medium. In order to achieve the pro- 
cess objective in an optimum manner, a certain 
part is played by the glycerol concentration in the 
medium of process stage b). Excessive glycerol 
concentrations inhibit the participating enzyme sys- 
tems. Inadequate glycerol concentrations lead to 
undesirably high processing costs. An approxi- 
mately 0.2 to 1.5 molar glycerol solution and espe- 
cially an approximately 1 molar glycerol solution is 
optimum for the medium treated during process 
stage b). 

The invention can undergo further per se 
known modifications without any variation to the 
essence thereof. For example reference is made to 
the following: 

Process stage a): modification of the mineral 
culture medium with regards to the concentrations 
of the individual components; concentration of the 
glycerol, whereby the source-dependent impurities 
can differ widely as regards nature and concentra- 
tion; nature of the thorough mixing of the culture 
medium by stirring, pumping or gassing; provision 
of anaerobic conditions by reducing agents and 
inert gases. 

Process stage b): concentration of the biomass; 
operating pH and temperature; nature or refeeding 
glycerol; nature and concentration of the H-donor. 

The process according to the invention has 
numerous advantages compared with the hitherto 
known processes. As a result of the two-stage 
process performance, i.e. growth phase in a first 
process stage with transfer into a stationary phase 
and subsequent biotransformation phase, the 1,3- 
propane diol yield can be raised to over 90%. If the 
biomass formed in the first process stage is immo- 



bilized and introduced into a column, this permits a 
long-term, continuous process performance, .g. 
for more than 40 days. The glycerol is specifically 
converted into 1,3-propane diol and by-products 

5 are obtained in an unobjectionabry small quantity. 
In certain cases they can be acetate and lactate, 
which can be simply removed and are not prejudi- 
cial to the environment. It is also possible to use an 
inexpensive nutrient medium in process stage a). In 

io both stages, comparatively high glycerol concentra- 
tions can be chosen in the medium used. It is not 
necessary to abide by a particular purity of the 
starting glycerol. It is in fact also possible to use 
technical glycerols, provided that they contain no 

75 by-products disturbing the microorganisms 
(technical glycerols or raw glycerols). It may be the 
case that the technical glycerol in question is not 
suitable for process stage a), so that then purer 
glycerol starting materials would have to be used, 

20 whereas the less pure product can be used in the 
second process stage. This also represents an 
important advantage, because for the formation of 
the stationary phase or the biomass needed for the 
second process stage, a comparatively small glyc- 

25 erol quantity is required compared with the second 
process stage. This permits a more flexible perfor- 
mance of the process. 

The invention is explained in greater detail 
hereinafter relative to an example. 

30 

Example 

The course of process sequence a) is shown in 

35 fig. 1. Citrobacter freundii is allowed to grow in the 
following mineral medium under ammonium limita- 
tion: KH2PO4, 6g/l; teHPO* . 3H 2 0. 14 g/l; (NH*)- 
2SO4, 0.04 g/t; MgSOi . 7H 2 0, 0.2 g/l; CaCI 2 , 0.1 
g/l; Cystein . HCI, 0.1 g/l; trace element solution (1 

40 I contains 5 g EDTA (disodium salt), 0.3 g H3BO4 • 
4HaO. 0.03 g MnCfe . 4H 2 0. 0.02 g CoCfe . 6H 2 O f 
2 g FeS04 . 7H 2 0, 0.1 g ZnS04 . 7^0. 0.03 g 
NaMo04 . 2H20 f 0.02 g NIQ 2 . 6H20. and 0.01 g 
CuCI 2 . 21^0) (cf. Arch. Microbiol.. 1966, 55, 245- 

45 256), 1 ml/l; CoCI 2 , 550 ug/l, glycerol 880 mmol/l. 
Following inoculation (20 m! precuiture/1 .2 I of main 
culture) incubation took place at 37° and a pH- 
value kept constant at 7.5. After 20 hours the 
culture passed into the stationary phase, in which 

50 glycerol is further reacted to 1 ,3-propane diol. 

The reaction of glycerol to 1,3-propane diol in 
the presence of glucose as the H-donor through 
the cell suspension of C. freundii according to 
process stage b) is shown In fig. 2. In this case 

55 cells were suspended in potassium phosphate buff- 
er of pH 7.5 in a concentration of 3 mg dry 
weight/ml. Incubation took place in the absence of 
oxygen (hfc atmosphere) at 37 "C after adding 240 
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mmol/1 of glycerol and 42 mmol/I of glucos . The 
pH-valu was held at 7.5 by means of titration with 
2 N KOH. 191 mmol of 1,3-propane diol were 
formed from 211 mmol of glycerol, i.e. 91% on 
molar base and 75% on a weight base (maximum 
possible value 83%). 



Explanations concerning figs. 1 and 4: 

Fig. 1. The course of TMG production from 
glycerol in ammonium-limited, static culture in the 
presence of an 11 times increased Co 2 * 
concentration. The TMG production and growth 
were followed in a 1 .2 I culture in mineral medium 
with 0.04% ammonium sulphate, 880 mM glycerol 
and 550 ug Co 2 */!, the pH being kept constant at 
7.5. Apart from TMG ( t ), acetate (□), ethanol (a), 
lactate (•) and pyruvate (V) were formed. The 
optical density is (■) and glycerol (A). 

Fig. 2 shows the course of TMG production 
through cell suspensions whilst maintaining the pH- 
value constant by means of KOH titration. TMG 
production from glycerol in the presence of 42 mM 
of glucose was followed through dilute cell suspen- 
sions (3 mg/ml) in KPO* buffer at pH 7.5. The pH- 
value was kept constant by means of titration with 
2 N KOH. Glycerol (a) and TMG (•) in the pres- 
ence of KOH. 

Fig. 3: Comparison of TMG production from 
glycerol through stationary cells at different con- 
stant pH-values. The tests were performed in 4 ml 
cell suspensions (protein concentration: 1 .8 mg/ml) 
at constant pH-values of 6.6 (A). 7.0 (B), 7.9 (C) 
and 8.0 (D). The pH-value was kept constant by 
titrating with 0.6 N NaOH. Buffer used 248 mM 
KPO* (A-C) and 100 mM tris/HCI (D). 
Glycerol (a), TMG (•), acetate (■), ethanol (a). 

Fig. 4: Comparison of TMG production from 
glycerol through stationary cells in the absence (A) 
or presence (B) of glucose. The course of TMG 
production from glycerol by cell suspension 
(protein concentration: 2.4 mg/ml) in KPO* buffer 
was followed at a constant pH-value of 7.5. Mixture 
B also contained 84 mM of glucose. 
Glycerol (a), TMG (•), glucose (□). 



Claims 



essary, whilst substantially excluding the H-donor 
until a stationary growth phase is obtained and b) 
further glycerol and a H-donor matched to the 
biomass are added to the stationary cell suspen- 
5 sion formed, accompanied by increased 1,3-pro- 
pane diol formation. 

2. Process according to claim 1, characterized 
in that a sugar is added as a H-donor in process 
stage b). 

w 3. Process according to claim 1 or 2, char- 
acterized in that a bacterial strain from the 
Citrobacter species is used. 

4. Process according to claim 3, characterized 
in that as the bacterium of the Citrobacter species, 

is use is made of a Citrobacter freundii. 

5. Process according to at least one of the 
preceding claims, characterized in that anaerobic 
working takes place in process stage a). 

6. Process according to at least one of the 
20 preceding claims, characterized in that anaerobic 

working takes place in process stage b). 

7. Process according to at least one of the 
preceding claims, characterized in that a pH-value 
of approximately 6.5 to 8.5 is maintained in stages 

25 a) and b). 

8. Process according to at least one of the 
preceding claims, characterized in that it is per- 
formed in a mineral medium. 

9. Process according to at least one of the 
30 preceding claims, characterized in that the end of 

growth is controlled by the addition of a predeter- 
mined quantity of phosphate or nitrogen source. 

10. Process according to claim 9, characterized 
in that an ammonium salt is used as the nitrogen 

35 source. 

11. Process according to at least one of the 
preceding claims, characterized in that in process 
stage b) glycerol is initially present in an approxi- 
mately 0.2 to 1.5 molar concentration. 

40 12. Process according to at least one of the 
preceding claims, characterized in that in process 
stage a) the glycerol is initially present in an ap- 
proximately 0.1 to 0.4 molar concentration. 

13. Process according to at least one of the 
45 preceding claims 1 to 12, characterized in that the 

biomass obtained in process stage a) is immo- 
bilized and the medium of process stage b) is fed 
over the same. 

14. Process according to claim 13, character- 
so ized in that immobilization is carried out with cal- 
cium alginate. 



1. Process for the microbiological preparation 
of 1,3-propane diol from glycerol in growth media 
of suitable bacterial strains, accompanied by the 
addition of the cosubstrate in the form of a H-donor 
and separation of the propane diol formed, char- 55 
acterized in that a) biomass is formed from a 
growth phase from the selected bacterial strain and 
accompanied by feeding with glycerol and, if nec- 
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Description 

The invention relates to a process for the 
microbiological preparation of 1,3-propane diol 
from glycerol in growth media of suitable bacterial 
strains, accompanied by the addition of a cosub- 
strate as the H-donor and the separation of the 
propane diol formed. 

Processes for the preparation of 1,3-propane 
diol or trimethylene glycol (TMG) from glycerol are 
known. When performing these, essentially the fol- 
lowing points must be taken into consideration. 
Bacterial strains able to convert glycerol into 1,3- 
propane diol are found e.g. in the species Kleb- 
siella (cf. J. BacterioL, 1982, 149, 413-419), 
Citrobacter (cf. J. BacterioL, 1944, 39, 409-415), 
Clostridium (cf. Appl. Environ. Microbiol., 1987, 53, 
639-643), llyobacter (cf. Arch. Microbiol., 1984, 
140, 139-146) and Lactobacillus (cf. System. Appl. 
Microbiol., 1984, 5, 169-178). It cannot be excluded 
that further obligatory or optional ferments also 
form 1,3-propane diol as a fermentation product. 
Within the Citrobacter species, C. freundii is par- 
ticularly well known as a 1 ,3-propane diol producer. 
Several strains (e.g. DSM 30039, 30040 and 30041) 
are available. 

As a function of the bacterial strain used, it is 
possible to employ mineral media with glycerol or 
complex media with glycerol for the growth and 
associated production of 1,3-propane diol. The am- 
bient conditions, such as the pH and temperature, 
are also dependent on the strain used. Preference 
is always given to anaerobic growth conditions, 
because the enzymes for the transformation of 
glycerol into 1,3-propane diol are only formed un- 
der anaerobic conditions. An adequate cobalt iron 
supply to the bacteria must be ensured, because 
the participating enzyme glycerol dehydratase con- 
tains coenzyme B12 (cf. Arch. Biochem. Biophys., 
1962, 97, 538-543). 

Using the aformentioned bacterial strains, 1,3- 
propane diol can be produced batchwise or con- 
tinuously. As a function of the species, different 
1,3-propane diol yields are obtained in the batch- 
wise anaerobic fermentation of glycerol: 78% for 
Lactobacillus buchneri, 61% fUr Clostridium 
butylicum, 40% for llyobacter polytropus and 50% 
for Citrobacter freundii. In connection with the Lac- 
tobacillus species, it must be borne in mind that a 
mixture of glycerol and glucose (2:1) and not glyc- 
erol alone can be fermented. As a function of the 
bacterial species during the fermentation of glyc- 
erol different by-product spectra appear, mainly 
acetate, butyrate, lactate, formiate, succinate, 
ethanol, butanol and hydroxypropionate (in the 
case of llyobacter polytropus). 

Whereas the aforementioned fermentations re- 
late to cultures operating in a batchwise manner, in 



1987 results were published for the first time con- 
cerning a continuous fermentation of glycerol for 
th production of 1,3-propane diol (cf. Appl. Envi- 
ron. Microbiol., 1987, vol. 53, 639-643). Fermenta- 

5 tion was carried out with Clostridium butylicum B 
593, an obligatory ferment. 3.8% glycerol were 
added to the chemically defined medium and 97% 
thereof were reacted by the bacteria. It was also 
necessary to add 0.2% yeast extract to the me- 

io dium. In the gas phase there was oxygen-free 
carbon dioxide, the residence time of the bacteria 
in the reactor was 10 hours and the temperature 
35 *C. Continuous fermentation gave the following 
product spectrum analyzed with HPLC and GC: 

75 61% 1.3-propane diol, 6.6% acetate, 1.6% 
butyrate, 0.9% lactate, 0.6% butanol and 0.6% 
ethanol. 

On the basis of the above statements, a 1,3- 
propane diol synthesis without by-products does 

20 not appear to be possible with bacteria, because 
part of the glycerol must be oxidized in order to 
obtain energy, whilst the reduction of glycerol to 
1,3-propane diol is used for eliminating hydrogen 
which occurs. On lowering the pH-value from 6.5 to 

25 4.9 the growth of bacteria and 1,3-propane diol 
production are reduced. An intermediate during the 
synthesis of 1,3-propane diol is 3-hydrox- 
ypropionaldehyde, whose production was also the 
aim of certain fermentation tests (cf. Appl. Environ. 

30 Microbiol., 1983, vol. 46, No. 1, 62-67). In the case 
of anaerobic fermentation of glycerol with Klebsiella 
pneumoniae, the speed of enzymatic reaction was 
displaced through the addition of semicarbazide 
hydrochloride. 3-hydroxypropionaldehyde produc- 

35 tion took place much more rapidly than the subse- 
quent reduction to 1,3-propane diol and conse- 
quently led to a 3-hydroxypropionaldehyde accu- 
mulation. In the case of 30 g/l glycerol solutions, a 
3-hydroxypropionaldehyde yield of 13.1 g/l was 

40 obtained. 

The problem of the invention is to so improve 
the aforementioned process that it permits a sim- 
ple, economic, rapid and continuous preparation of 
1 ,3-propane diol from glycerol with a high yield and 

45 whilst substantially excluding environmentally prej- 
udicial by-products. 

According to the invention this problem is 
solved in that a) biomass is formed from the se- 
lected bacterial strain, accompanied by feeding 

50 with glycerol and, if necessary, with a substantial 
exclusion of the H-donor in a growth phase until a 
stationary growth phase is obtained and b) for 
increased 1,3-propane diol formation, to the cor- 
responding stationary cell suspension are added 

55 further glycerol and a H-donor matched to the 
biomass. 

Thus, the essence of the inventive process is 
that initially in a process stage a) biomass is 
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formed until a stationary growth phase or cell sus- 
pension has been obtained. It is necessary for 
most of the bacterial strains usable within the 
scope of the invention to substantially exclude a H- 
donor in said process stage a). This more particu- 
larly applies for the strains Citrobacter freundii, 
Klebsiella pneumoniae, Clostridium autobutylicum 
and Clostridium butylicum. However, several bac- 
terial strains exist which, in the growth phase, grow 
in the presence of a H-donor and possibly even 
have a need for the latter, such as e.g. Lactobacil- 
lus brevis and Lactobacillus buchneri. However, the 
growth of most of the bacterial strains which can 
be used according to the invention is disturbed by 
the presence of a H-donor, so that in such cases 
the latter should be substantially excluded. This 
must also be borne in mind in connection with the 
qualitative evaluation of the glycerol-containing 
starting materials. Thus, if the glycerol starting ma- 
terial already contained a significant sugar fraction, 
such as glucose, then said fraction could be re- 
sponsible for disturbing process stage a). Other- 
wise there are no significant limitations on the 
inventive process with regards to the glycerol start- 
ing material. Thus, it can e.g. be glycerol splitting 
water from high pressure splitting, or glycerol water 
from soap splitting, or glycerol water from the 
methanolysis of fats or oils, e.g. from fish oil, 
coconut oil or palm kernel oil. 

The above explanations apply regarding the 
choice of the suitable bacterial strain. Representa- 
tives of the Citrobacter species, such as Citrobac- 
ter freundii, are used in a particularly advantageous 
manner. The strains DSM 30039, 30040 and 30041 
are particularly suitable. 

In process stage a), it is appropriate to adopt 
the following procedure: the description relating to 
Citrobacter freundii DSM 30040, but the remarks 
correspondingly apply to other bacterial strains. A 
mineral solution is prepared, in the manner known 
to the expert. However, as a special feature it 
contains a cobalt salt, such as in particular cobalt 
chloride in high concentration (250-550 ug C0CI2/I) 
and an ammonium salt, such as in particular am- 
monium sulphate, as the growth-limiting N-source. 
As a function of the desired biomass concentration, 
the ammonium sulphate concentration can be ap- 
proximately 0.4 to 1 .5 g/l. Following the addition of 
glycerol (e.g. approximately 0.3 mol/l) and a precul- 
ture of strain DSM 30040, incubation takes place at 
approximately 37 °C under anaerobic conditions. 
After about 12 to 20 hours (at 0.3 mol/l), the grow- 
ing culture enters the stationary phase necessary 
for process stage b). 

The concentration of the glycerol in process 
stage a) is not critical. It could be in a wide range, 
e.g. approximately 0.001 to 1 mol/l, although this 
range can also be exceeded. The range of approxi- 



mately 0.1 to 0.4 mol/l is preferred, in particular 
approximately 0.3 mol/l. 

It is not critical for performing process stage a) 
whether it is performed anaerobically or aerobical- 

5 ly. It is preferably performed anaerobically, so that 
the enzymes particularly suitable for the desired 
conversion of glycerol into 1,3-propane diol are 
formed in an optimum manner. When process 
stage a) has allowed the desired biomass quantity 

10 to form, measures are taken to end the growth. 
This is preferably brought about in that the end of 
growth is controlled by adding a predetermined 
quariitity of a phosphate or nitrogen source. Ammo- 
nium salts, such as ammonium sulphate, have 

15 proved to be particularly advantageous. 

The inventive process can be performed both 
in a complex medium and in a mineral medium. 
Preference is given to the mineral medium, be- 
cause it is less expensive, easier to handle and 

20 easier to dispose of at the end of the process. A 
mineral medium is understood to mean a medium, 
which only contains inorganic salts and additionally 
glycerol and possibly cystein (as the reducing 
agent). The complex medium differs therefrom 

25 through a content of preferably approximately 1% 
yeast extract. 

The biomass obtained according to process 
stage a) can be directly supplied to process stage 
b). It is also advantageous to concentrate the 

30 biomass by centrifuging or to immobilize it. Immo- 
bilization can take place in various ways, such as 
e.g. by calcium alginate, carageenan or 
polyurethanes. Immobilization preferably takes 
place with the readily available, commercial cal- 

35 cium alginate (Protanal-LF-20/60). The immobilized 
form of the biomass can e.g. be filled into a col- 
umn, to which is continuously supplied the glycerol 
solution to be treated. This leads to the particular 
advantage of continuous process performance, the 

40 biomass being usable for weeks and without im- 
pairing its efficiency for obtaining 1,3-propane diol 
from glycerol. Tests have been carried out in which 
the biomass was active, without deterioration, for 
more than 42 days. 

46 Glycerol is not essential for feeding the mi- 
croorganisms for process stage b) and instead the 
combination glycerol/H-donor should be used. 
There are no significant limitations reagarding the 
choice of the H-donor. The expert will instead 

50 choose the H-donor on the basis of his knowledge 
and the chosen bacterial strain. Generally, the H- 
donor can be constituted by mono-saccharides and 
disaccharides, particularly fructose and glucose. 
Glucose has proved particularly advantageous in 

55 conjunction with Citrobacter freundii as th bac- 
terial strain. 

In order not to obtain premature inhibition in 
process stage b), a pH-value control is appropriat . 
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The pH-value should be in the range approximately 
5.5 to 8.5. The range approximately 6.5 to 7.5 and 
especially a value of approximately 7 are preferred. 
This gives optimum biotransformation conditions 
for the formation of 1 ,3-propane diol from glycerol. 

There Is a quantitative matching of the H-donor 
and glycerol for further optimization of the process. 
The precise numerical values for this are depen- 
dent on the nature of the H-donor and the nature of 
the chosen bacterial strain. No general guideline 
can be given. In the case of the preferably used 
bacterial strain Citrpbacter freundii and an H-donor 
in the form of glucose, between the glucose and 
the glycerol the preferred molar ratio is approxi- 
mately 1:7 to 1:8. The molar ratio between the 
glucose and the glycerol could generally be with 
respect to practical advantages approximately 1:1 
to 1:25, in particular 1:5 to 1:10. 

Process stage b) is also preferably performed 
in a mineral medium. In order to achieve the pro- 
cess objective in an optimum manner, a certain 
part is played by the glycerol concentration in the 
medium of process stage b). Excessive glycerol 
concentrations inhibit the participating enzyme sys- 
tems. Inadequate glycerol concentrations lead to 
undesirably high processing costs. An approxi- 
mately 0.2 to 1.5 molar glycerol solution and espe- 
cially an approximately 1 molar glycerol solution is 
optimum for the medium treated during process 
stage b). 

The invention can undergo further per se 
known modifications without any variation to the 
essence thereof. For example reference is made to 
the following: 

Process stage a): modification of the mineral 
culture medium with regards to the concentrations 
of the individual components; concentration of the 
glycerol, whereby the source-dependent impurities 
can differ widely as regards nature and concentra- 
tion; nature of the thorough mixing of the culture 
medium by stirring, pumping or gassing; provision 
of anaerobic conditions by reducing agents and 
inert gases. 

Process stage b): concentration of the biomass; 
operating pH and temperature; nature or refeeding 
glycerol; nature and concentration of the H-donor. 

The process according to the invention has 
numerous advantages compared with the hitherto 
known processes. As a result of the two-stage 
process performance, i.e. growth phase in a first 
process stage with transfer into a stationary phase 
and subsequent biotransformation phase, the 1 ,3- 
propane diol yield can be raised to over 90%. If the 
biomass formed in the first process stage is immo- 
bilized and introduced into a column, this permits a 
long-term, continuous process performance, e.g. 
for more than 40 days. The glycerol is specifically 
converted into 1,3-propane diol and by-products 



are obtained in an unobj ctionably small quantity. 
In certain cases they can be acetate and lactate, 
which can be simply r moved and are not prejudi- 
cial to the environment. It is also possible to use an 

5 inexpensive nutrient medium in process stage a). In 
both stages, comparatively high glycerol concentra- 
tions can be chosen in the medium used. It is not 
necessary to abide by a particular purity of the 
starting glycerol. It is in fact also possible to use 

70 technical glycerols, provided that they contain no 
by-products disturbing the microorganisms 
(technical glycerols or raw glycerols). It may be the 
case that the technical glycerol in question is not 
suitable for process stage a), so that then purer 

75 glycerol starting materials would have to be used, 
whereas the less pure product can be used in the 
second process stage. This also represents an 
important advantage, because for the formation of 
the stationary phase or the biomass needed for the 

20 second process stage, a comparatively small glyc- 
erol quantity is required compared with the second 
process stage. This permits a more flexible perfor- 
mance of the process. 

The invention is explained in greater detail 

25 hereinafter relative to an example. 

Example 

The course of process sequence a) is shown in 

30 fig. 1. Citrobacter freundii is allowed to grow in the 
following mineral medium under ammonium limita- 
tion: KH2PO4, 6g/l; K2HPO4 . 3H2O, 14 g/l; (NH*)- 
2SO4, 0.04 g/l; MgSO* . 7H 2 0, 0.2 g/l; CaCfe, 0.1 
g/l; Cystein . HCI, 0.1 g/l; trace element solution (1 

35 I contains 5 g EDTA (disodium salt), 0.3 g H 3 BO* • 
4H 2 0, 0.03 g MnCI 2 . 4H 2 0, 0.02 g CoCI 2 . 6H 2 0, 
2 g FeSO* . 7H 2 0, 0.1 g ZnSO* . 7H 2 0, 0.03 g 
NaMoCU . 2H 2 0, 0.02 g NiCfe . 61-kO, and 0.01 g 
CuCI 2 . 2H 2 0) (cf. Arch. Microbiol., 1966, 55, 245- 

40 256), 1 ml/l; CoCI 2 , 550 ug/l, glycerol 880 mmol/l. 
Following inoculation (20 ml preculture/1.2 I of main 
culture) incubation took place at 37* and a pH- 
value kept constant at 7.5. After 20 hours the 
culture passed into the stationary phase, in which 

45 glycerol is further reacted to 1 ,3-propane diol. 

The reaction of glycerol to 1,3-propane diol in 
the presence of glucose as the H-donor through 
the cell suspension of C. freundii according to 
process stage b) is shown in fig. 2. In this case 

50 cells were suspended in potassium phosphate buff- 
er of pH 7.5 in a concentration of 3 mg dry 
weight/ml. Incubation took place in the absence of 
oxygen (N 2 atmosphere) at 37" C after adding 240 
mmol/l of glycerol and 42 mmol/l of glucose. The 

55 pH-value was held at 7.5 by means of titration with 
2 N KOH. 191 mmol of 1,3-propane diol wer 
formed from 211 mmol of glycerol, i. . 91% on 
molar base and 75% on a weight base (maximum 
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possible value 83%). 

Explanations concerning figs. 1 and 4: 

Fig. 1. The course of TMG production from 
glycerol in ammonium-limited, static culture in 
the presence of an 11 times increased Co 2 
concentration. The TMG production and growth 
were followed in a 1.2 I culture in mineral me- 
dium with 0.04% ammonium sulphate, 880 mM 
glycerol and 550 ug Co 2 */!, the pH being kept 
constant at 7.5. Apart from TMG (▼), acetate (□), 
ethanol (a), lactate (•) and pyruvate (V) were 
formed. The optical density is (■) and glycerol 
(A). 

Fig. 2 shows the course of TMG production 
through cell suspensions whilst maintaining the 
pH-value constant by means of KOH titration. 
TMG production from glycerol in the presence 
of 42 mM of glucose was followed through dilute 
cell suspensions (3 mg/ml) in KPO« buffer at pH 
7.5. The pH-value was kept constant by means 
of titration with 2 N KOH. Glycerol (a) and TMG 
(•) in the presence of KOH. 
Fig. 3: Comparison of TMG production from 
glycerol through stationary cells at different con- 
stant pH-values. The tests were performed in 4 
ml cell suspensions (protein concentration: 1.8 
mg/ml) at constant pH-values of 6.6 (A), 7.0 (B), 
7.9 (C) and 8.0 (D). The pH-value was kept 
constant by titrating with 0.6 N NaOH. Buffer 
used 248 mM KP0 4 (A-C) and 100 mM tris/HCI 
(D). 

Glycerol (a), TMG (•), acetate (■). ethanol (a). 
Fig. 4: Comparison of TMG production from 
glycerol through stationary cells in the absence 
(A) or presence (B) of glucose. The course of 
TMG production from glycerol by cell suspen- 
sion (protein concentration: 2.4 mg/ml) in KPO* 
buffer was followed at a constant pH-value of 
7.5. Mixture B also contained 84 mM of glucose. 
Glycerol (a), TMG (•), glucose (□). 

Claims 

1. Process for the microbiological preparation of 
1,3-propane diol from glycerol in growth media 
of suitable bacterial strains, accompanied by 
the addition of a cosubstrate in the form of an 
H-donor and separation of the 1 ,3-propanediol 
formed, characterized in that 

a) a biomass is formed by culturing the 
selected bacterial strain in the growth phase 
in a growth medium containing glycerol, but 
with the substantial exclusion of any H-do- 
nor; 

b) the bacterial cells are transferred to a 
stationary phase and biotransformation is 



effect d by adding further glycerol and an 
H-donor matched to the biomass, accom- 
panied by increased 1 ,3-propane diol forma- 
tion, this being the main stage of its prep- 
5 aration. 

2. Process according to claim 1, characterized in 
that a sugar is added as H-donor in step b). 

io 3. Process according to claim 1 or 2, character- 
ized in that the bacterial strain is a strain from 
the Citrobacter genus. 

4. Process according to claim 3, characterized in 
75 that as the bacterial strain is a strain of 

Citrobacter freundii. 

5. Process according to claim 1 or 2, character- 
ized in that an H-donor is added to the growth 

20 phase if the selected bacterial strain grows in 

the presence of an H-donor or has a need for 
it. 

6. Process according to any preceding claim, 
25 characterized in that anaerobic working takes 

place in step a). 

7. Process according to any preceding claim, 
characterized in that anaerobic working takes 

30 place in step b). 

8. Process according to any preceding claim, 
characterized in that a pH-value of approxi- 
mately 6.5 to 8.5 is maintained in steps a) and 

35 b). 

9. Process according to any preceding claim, 
characterized in that steps a) and b) are per- 
formed in a mineral medium. 

40 

10. Process according to any preceding claim, 
characterized in that the transfer of the growing 
cells to she stationary phase is performed by 
the addition of a predetermined quantity of 

45 phosphate or nitrogen source. 

11. Process according to claim 10, characterized 
in that an ammonium salt is used as the nitro- 
gen source or a potassium dihydrogen phos- 

50 phate is used as the phosphate source. 

12. Process according to any preceding claim, 
characterized in that glycerol is initially present 
in step b) in approximately 0.2 to 1.5 molar 

55 concentration. 

13. Process according to any preceding claim, 
characterized in that glycerol is initially present 
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in step a) in approximately 0.1 to 0.4 molar 
concentration. 

14. Process according to any preceding claim 
characterized in that said biomass obtained in 
step a) is immobilized before step b). 

15- Process according to any preceding claim, 
characterized in that said immobilization is car- 
ried out with calcium alginate. 

Patentanspriiche 

1. Verfahren zur mikrobiologischen Herstellung 
von 1 ,3-Propandiol aus Glycerin in Wachs- 
tumsmedien geeigneter Bakterienstamme un- 
ter Zusatz eines Cosubstrates in Form eines 
H-Donators und Abtrennung des gebildeten 
1 ,3-Propandiols, dadurch gekennzeichnet, dafl 

a) eine Biomasse durch Kultivieren des ge- 
wahlten Bakterienstammes in der Wachs- 
tumsphase in einem Glycerin enthaltenden 
Wachstumsmedium, jedoch unter weitge- 
hendem Ausschlufl von jeglichem H-Dona- 
tor, gebildet wird, 

b) die Bakterienzellen in eine stationare 
Phase uberfuhrt werden und die Biotransfor- 
mation bewirkt wird, indem man weiteres 
Glycerin sowie einen auf die Biomasse ab- 
gestimmten H-Donator zufugt, was von ei- 
ner die Hauptstufe seiner Herstellung dar- 
stellenden verstarkten Bildung von 1,3-Pro- 
pandiol begleitet ist. 

2. Verfahren nach Anspruch 1, dadurch gekenn- 
zeichnet, da/3 in Stufe b) ein Zucker als H- 
Donator zugefOgt wird. 

3. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet, dafl der Bakterienstamm ein 
Stamm der Gattung Citrobacter ist. 

4. Verfahren nach Anspruch 3, dadurch gekenn- 
zeichnet, dafl der Bakterienstamm ein Stamm 
von Citrobacter freundii ist. 

5. Verfahren nach Anspruch 1 Oder 2, dadurch 
gekennzeichnet, dafl ein H-Donator zu der 
Wachstumsphase gegeben wird, wenn der ge- 
wahlte Bakterienstamm in Gegenwart eines H- 
Donators wachst oder dessen bedarf. 

6. Verfahren nach irgendeinem der vorhergehen- 
den Anspruch , dadurch gekennzeichnet, dafl 
die Stufe a) anaerob ablauft. 

7. Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 



die Stufe b) anaerob ablauft. 

a Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichent, dafl 
5 in den Stufen a) und b) ein pH-Wert von etwa 

6,5 bis 8,5 aufrechterhalten wird. 

9. Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 

io die Stufen a) und b) in einem mineraiischen 

Medium durchgefuhrt werden. 

10. Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 

75 die Oberfuhrung der wachsenden Zellen in die 

stationare Phase durch Zugabe einer vorherbe- 
stimmten Menge einer Phosphat- oder Stick- 
stoffquelle erfolgt. 

20 11. Verfahren nach Anspruch 10, dadurch gekenn- 
zeichnet, dafl ein Ammoniumsalz als Stickstoff- 
quelle oder ein Kaliumdihydrogenphosphat als 
Phosphatquelle verwendet wird. 

25 12. Verfahren. nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 
Glycerin anfangs in Stufe b) in einer molaren 
Konzentration von etwa 0,2 bis 1 ,5 vorliegt. 

30 13. Verfahren nach irgendeinem der vorhergehen- 
den Anspruche, dadurch gekennzeichnet, dafl 
Glycerin anfangs in Stufe a) in einer molaren 
Konzentration von etwa 0,1 bis 0,4 vorliegt. 

35 14. Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 
die in Stufe a) erhaltene Biomasse vor der 
Stufe b) immobilisiert wird. 

40 15. Verfahren nach irgendeinem der vorhergehen- 
den AnsprUche, dadurch gekennzeichnet, dafl 
die Immobilisierung mit Calciumalginat erfolgt. 

Revendications 

45 

1. Proc6d6 de preparation microbiologique de 
1,3-propanediol a partir du glycerol dans des 
milieux de croissance de souches bact^riennes 
appropri£es, avec addition d'un cosubstrat 
50 sous forme d'un donner de H et separation du 

1 ,3-propanediol forme, caract§ris§ en ce que: 

a) une biomasse est form£e par culture de 
la souche bact£rienne choisie dans la phase 
de croissance au sein d f un milieu de crois- 

55 sance contenant du glycerol, mais avec ex- 

clusion pratique du donneur de H ; 

b) les cellules bacteriennes sont transferees 
a une phase stationnaire et on effectue la 
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biotransformation par addition d'un supple- 
ment de glycerol t d'un donneur de H n 
concordance avec la biomasse, ce qui s'ac- 
compagne d'une plus forte formation de 
1,3-propanediol, ce stade constituant le sta- 
de principal de la preparation. 

Proc£d£ selon la revendication 1, caract6ris6 
en ce qu'on ajoute un sucre en quality de 
donneur de H au stade b). 

Proc£d§ selon la revendication 1 ou 2, caract6- 
r\s€ en ce que la souche bact£rienne est une 
souche provenant du genre Citrobacter. 

Proc^de selon la revendication 3, caracterisS 
en ce que la souche bactdrienne est une sou- 
che de Citrobacter freundii. 
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une concentration molaire d 1 nviron 0,2 k 1 ,5. 

13. Procdd6 selon Tune quelconque d s revendi- 
cations pr6c6dentes, caract£ris6 en ce que le 
glycerol est initialement present au stade a) en 
une concentration molaire d'environ 0,1 & 0,4. 

14. Proc6d£ selon Tune quelconque des revendi- 
cations pr6c6dentes, caract6ris6 en ce qu'on 
immobilise la biomasse obtenue au stade a) 
avant le stade b). 

15. Proc£d6 selon Tune quelconque des revendi- 
cations pr§c£dentes, caractSrisS en ce qu'on 
effectue iadite immobilisation avec de I'alginate 
de calcium. 



5. Proc6d6 selon la revendication 1 ou 2, caractS- 
r\s6 en ce qu'on ajoute le donneur de H a la 
phase de croissance si la souche bactirienne 
choisie pousse en presence d'un donneur de 
H ou n^cessite celui-ci dans ce but. 

6. Procede selon I'une quelconque des revendi- 
cations pr£cddentes, caract§ris6 en ce qu'au 
stade a), le proc6d6 est ana^robie. 

7. Proc6d6 selon I'une quelconque des revendi- 
cations pr6cddentes, caracteris6 en ce qu'au 
stade b), le proc6d6 est ana£robie. 

8. Proc£d6 selon I'une quelconque des revendi- 
cations pr£c£dentes caract6ris6 en ce que 
dans les stades a) et b), on maintient le pH k 
environ 6,5 h 8,5. 



20 



25 



30 



35 



9. Proc6d6 selon I'une quelconque des revendi- 
cations pr§c6dentes, caract6ris£ en ce qu'on 
execute les stades a) et b) dans un milieu 
mineral. 
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10. Proc£d6 selon I'une quelconque des revendi- 
cations pr6c6dentes caract£ris6 en ce qu'on 
effectue le transfert des cellules en croissance 
a la phase stationnaire par addition d'une 
quantity pr£d6termin6e d'une source de phos- 
phate ou d'azote. 

11. ProcedS selon la revendication 10, caract£ris6 
en ce qu'on utilise un sel d'ammonium comme 
source d'azote ou un dihydrog£no-phosphate 
de potassium comme source de phosphate. 

12. Proc6d6 selon I'une quelconque des revendi- 
cations pr4c£dentes, caract£ris6 en ce que le 
glycerol est initalement present au stade b) en 
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